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Abstract: 20 
Observing biochemical processes within living cell is imperative for biological 21 
and medical research. Fluoresce imaging is widely used for intracellular sensing of cell 22 
membranes, nuclei, lysosomes, and pH. Electrochemical assays have been proposed as 23 
an alternative to fluorescence-based assays because of excellent analytical features of 24 
electrochemical devices. Notably, thanks to the rapid progress of 25 
micro/nanotechnologies and electrochemical techniques, intracellular electrochemical 26 
sensing is making rapid progress, leading to a successful detection of intracellular 27 
components. Such insight can provide a deep understanding of cellular biological 28 
processes and, ultimately, define the human healthy and diseased states. In this review, 29 
we present an overview of recent research progress in intracellular electrochemical 30 
sensing. We focus on two main topics, electrochemical extraction of cytosolic contents 31 
from cells and intracellular electrochemical sensing in situ.   32 
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1 Introduction 33 
Observation of biochemical intracellular processes within living cells is 34 
fundamental to a quantitative understanding of the function of biological systems. This 35 
fundamental knowledge is important in biological and medical research. To this end, 36 
fluoresce imaging is widely used to visualize nucleic acids, lysosomes, and cellular pH in 37 
real time. In the past decade, many reports on the imaging of live-cell dynamics and 38 
structure at a single-molecule level have been published [1] thanks to the rapid 39 
developments in fluorescence microscopy and fluorescence labeling techniques. For 40 
example, intracellular sensing and cell diagnostics are performed using fluorescent 41 
silica nanoparticles [2]. Fluorescent nanoparticles, including semiconductor 42 
nanoparticles (quantum dots), metal nanoparticles, and polymer nanoparticles, are also 43 
used for intracellular sensing [3].  44 
Electrochemical approach has been proposed as an alternative to 45 
fluorescence-based assays because electrochemical devices show excellent analytical 46 
features. For example, an electrochemical method is a non-labeling and non-invasive 47 
method for the evaluation of cellular respiratory activity. Advantages of 48 
micro/nanotechnology include development of highly sensitive electrochemical assays 49 
that simultaneously incorporate many sensors, among others. Furthermore, 50 
electrochemical detection systems can be miniaturized, owing to the progress of the 51 
micro/nanotechnologies, leading to successful intracellular electrochemical sensing. The 52 
gained insight can provide a deep understanding of cellular biological processes, and 53 
can be used in several types of bio-applications, including drug testing and tissue 54 
engineering. 55 
We have previously presented reviews on the use of microelectrode arrays in 56 
cell analysis and engineering [4], and three-dimensional (3D) cell culture using 57 
micro/nanoelectrochemical devices [5]. Further, another group reviewed electrochemical 58 
imaging of cells [6] and tissue [7]. In the current review, we focused on intracellular 59 
sensing using electrochemical devices/techniques. We divided the review into two parts, 60 
(1) electrical extraction of cytosol contents from cells and (2) intracellular 61 
electrochemical sensing in situ. In the former, we summarized recent studies on the 62 
harvesting of cell components using electric approaches. In the latter, we summarized 63 
in-situ electrochemical detection of cell-derived analytes, including endogenous 64 
enzymes, vesicles, nucleotides, reporter proteins, glucose, and H2O2. 65 
 66 
2 Electrical extraction of subcellular cytosol from cells 67 
2.1 Collection of subcellular cytoplasm 68 
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 Several microfluidic devices have been developed for the extraction of contents 69 
of a single cell [8, 9]. Recent advances in omics technologies allow a comprehensive 70 
analysis of the genome, and gene and protein levels from such minute amounts of 71 
cytoplasm [10, 11]. However, most microfluidic approaches do not provide the 72 
spatiotemporal information on the intracellular contents because the collection methods 73 
are based on complete cell lysis. To study the dynamics of intracellular transportation or 74 
localization of cytoplasmic content [12-18], techniques for extracting subcellular 75 
cytoplasm are needed. In this section, we focused on recent electrical techniques of 76 
collecting subcellular cytoplasm (Fig. 1). Non-electrical techniques for acquiring 77 
subcellular contents are discussed in other recent papers [19, 20]. 78 
 79 
2.2 The use of electrical pulse for selective membrane lysis 80 
 External electric field causes a buildup of induced transmembrane voltage, 81 
resulting in pore formation in the lipid bilayer. A weak electric pulse generates 82 
temporary and limited number of pores, which can be exploited to transfer exogenous 83 
DNA to the cytoplasm (electroporation) [21]. If the electric field is too large, pore 84 
formation is too extensive and the resealing of the lipid bilayer is too slow for the cells to 85 
recover, resulting in their death and eventual disintegration. Indeed, electrical cell lysis 86 
has been used for single-cell collection [22-25].  87 
In 2014, Shintaku et al. reported a method for the collection of cytoplasmic (cyt) 88 
RNA and nucleus, separately, from a single cell, using a microfluidic device, which 89 
utilized selective electrical lysis of the cellular membrane and isotachophoresis (ITP) 90 
(Fig. 2) [26]. First, individual cells suspended in an optimized buffer [low-mobility 91 
trailing (TE) buffer] are placed in a microfluidic channel filled with another ITP buffer 92 
[high-mobility leading electrolyte (LE) buffer]. Then, a bipolar voltage pulse (3000 V, 93 
100 ms) is applied (Figs. 2A and 2B). The calculated potentials across the cell membrane 94 
are around 3 V. This is high in comparison with the typical breakdown voltage of the cell 95 
membrane (1 V), while the nuclear membranes are kept intact. Immediately after the 96 
lysis of the cellular membrane, a direct current (DC) electric field is applied in the same 97 
channel to initiate ITP, to focus RNA at an ITP interface between TE and LE [27]. 98 
During the ITP, two (fluorescent) nucleic acid regions are apparent: the first is the 99 
concentrated total cytoplasmic RNA and the second, with an ellipsoidal shape, is the 100 
nucleus. Although total RNA and the nuclei both migrate toward the same outlet where 101 
the negative electrode is inserted, the authors successfully separated the RNA from the 102 
nucleus because of the difference of their migration velocities (Fig. 2C). Using on-chip 103 
quantification of fluorescently labeled nucleic acids, the authors demonstrated the 104 
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heterogeneity of nucleic acid amounts depending on the cell cycle. A year later, the same 105 
group demonstrated the collection of the separated RNA and the nucleus from the 106 
microfluidic device, and utilized the collected material for sequence-specific analysis 107 
(qPCR) [28]. 108 
 More recently, Shintaku and colleagues improved the design of the device for a 109 
highly automated nuclear (nucRNA) and cytRNA collection, and conducted 110 
comprehensive RNA sequencing, termed single-cell integrated nucRNA and 111 
cytRNA-sequencing (SINC-seq) [29]. They analyzed 93 single cells (generating 186 112 
RNA-seq libraries with RNA-seq) and, after careful quality control, they acquired 84 113 
single-cell datasets. By comparing the in-silico single-cell data (cytRNA-seq + 114 
nucRNA-seq) with those of traditional single-cell RNA-seq, they demonstrated excellent 115 
correspondence between the average gene expression profiles obtained via the two 116 
approaches, indicating the reliability of SINC-seq for subcellular analyses. By using 117 
SINC-seq, the authors also showed three different correlations of cytRNA with nucRNA; 118 
1) highly correlated expression in cell-cycle-related genes, 2) the distorted correlation 119 
via nuclear-retained introns, 3) the correlation dynamics along the cell differentiation 120 
[29]. 121 
 122 
2.3 Nanostraw-electroporation system 123 
 Melosh and colleagues developed an alternative method for the analysis of 124 
subcellular contents of living cells using a nanostraw-electroporation system, termed 125 
nanostraw extraction (NEX) [30]. NEX setup is composed of two-layer compartments 126 
separated vertically by a polymer membrane with an array of hollow nanostraws. The 127 
bottom of the device is made of indium tin oxide (ITO) and a Pt electrode is inserted into 128 
the top layer (Figs. 3A and 3B).  129 
 The nanostraws are fabricated from commercially available track-etched 130 
polycarbonate membranes [31]. Briefly, a thin alumina coating (10–30-nm thick) is 131 
deposited on a track-etched membrane (1 × 108 pores/cm2) by atomic layer deposition 132 
(ALD); this will become the nanostraw wall. Reactive ion etching (RIE) and oxygen 133 
plasma are used to remove the aluminum and polycarbonate, respectively, and then a 134 
nanostraw array is formed. Nanostraws with a diameter smaller than 100 nm directly 135 
penetrate the cellular membrane, while larger nanostraws do not [31, 32]. For NEX, the 136 
authors selected the 150-nm diameter nanostraws to prevent continuous leakage of 137 
cytosol from the target cells (Fig. 3C). 138 
 In another study, to sample the cellular contents by NEX, 10–35 V square 139 
electric pulses (200 s, 20 Hz) were applied between the ITO and Pt electrode for 20–60 140 
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s [33]. Small pores in the cellular membranes temporarily appear at the 141 
nanostraw-cellular membrane interface after an electric pulse, and the intracellular 142 
contents move to the bottom layer filled with PBS. Although the extraction process 143 
mainly relies on free diffusion of the cellular contents, the positive potential of the ITO 144 
electrode facilitates the movement of the negatively charged contents to the bottom 145 
layer from the cytoplasm. After the electrical pulse, the cellular membrane recovers 146 
within a few minutes, similarly to a conventional electroporation system [34, 35]. The 147 
connection between the cytoplasm and the bottom layer disappeared at least as early as 148 
10 min after the electrical pulse [33]. Using the transient pore opening as a valve, they 149 
were able to repeatedly collect the cytoplasm, with cell viability of >95%. The extracted 150 
proteins were then concentrated by ITP and their amounts determined by fluorescent 151 
intensity or enzymatic assay (ELISA). Quantitative analysis revealed that NEX 152 
extracted 7–8% of the cytoplasm and that approximately 70% of the extracted proteins 153 
could be detected using the system. NEX was also used to monitor the status of induced 154 
pluripotent stem cells (iPSCs) for 5 d. The up-regulation of HSP27 in iPSCs exposed to a 155 
heat shock was successfully detected by continuous NEX monitoring. In addition, the 156 
authors performed a comprehensive gene expression analysis of the extracted 157 
cytoplasmic material. Although the sensitivity of NEX did not allow detection of 158 
transcripts from a single cell, 41 mRNA molecules were accurately quantified from 159 
samples of 15–20 cells. The study [30] was the first to demonstrate time-resolved, 160 
longitudinal extraction of contents from the same cells in a highly quantitative manner.  161 
 162 
2.4 Dielectrophoretic nanotweezers (DENT)  163 
 Atomic force microscopy (AFM) had been used for the collection of intracellular 164 
contents for 15 years [36-39]. An AFM probe is inserted into the cytoplasm, and then the 165 
proteins and transcripts are adsorbed onto the surface of the probe. Although AFM can 166 
be used to collect cellular contents in a minimally invasive manner and from any area of 167 
the target cell, with nanoscale accuracy, the targets were initially limited to highly 168 
expressed molecules because the collection method mainly relied on a nonspecific 169 
adsorption to the probe. To address that, Wickramasinghe and colleagues reported the 170 
design of dielectrophoretic nanotweezers (DENT) that can be used to extract mRNA 171 
present at very low copy numbers (100 copies/cell) (Fig. 4) [40, 41]. 172 
 The DENT fabrication process starts with commercially available conical 173 
highly doped silicon AFM probes. First, a 20-nm thick layer of SiO2 is deposited on the 174 
AFM probe, insulating the entire AFM probe. Then, Ti/Pt [41, 42] or Cr/Au [40, 43] layer 175 
is deposited by evaporation onto the SiO2 layer to serve as the electrode. Finally, the 176 
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probe tip is polished until the inner silicon core is exposed (Fig. 4A). When an 177 
alternating current (AC) field is applied between the silicon core and the outer electrode, 178 
non-uniform electric field is created at the tip of the probe, and dielectrophoretic (DEP) 179 
force is generated (Fig. 4B). mRNA molecules preferentially move toward the probe-end 180 
because of the strong positive DEP force generated at the probe-end. The extracted 181 
mRNA molecules can then be released from the DENT probe into a PCR tube and 182 
quantified by qPCR (Fig. 4C). Since DEP can be used to manipulate single cells [44, 45], 183 
DEP techniques could be developed for both, cell manipulation and cytosolic extraction, 184 
in the future.  185 
 In their early work, Wickramasinghe and colleagues have simply shown that 186 
the DENT probe can be used to extract more mRNA molecules than a conventional AFM 187 
probe [41, 42]. Recently, the authors optimized DEP conditions for mRNA extraction: 188 
they showed than an applied AC field of 1.5 peak-to-peak voltage (Vp-p, 10 MHz) does 189 
not affect the viability of the target cell and that low-abundance mRNA molecules 190 
(hypoxanthine phosphoribosyltransferase, HPRT, 100 copies/cell) can be detected using 191 
the system. Lower voltage reduced the number of molecules attached to the probe, while 192 
voltage above 1.5 Vp-p affected protein expression in the target cell, probably because 193 
too many mRNA molecules were extracted [40]. In this study, DENT was integrated 194 
with a microfluidic system for high-throughput analysis. The microfluidic device 195 
contained an array of 100 single-cell traps and could be used to capture single cells from 196 
a suspension within 20 s. The top layer of the array was made of ultra-thin PDMS 197 
membrane (1-m thick) so that the DENT probe would penetrate the PDMS membrane 198 
and access the target single cells in the microfluidic device. The authors successfully 199 
used the device for multiple gene expression analysis of two types of target cells 200 
mimicking the normal blood sample [40]. 201 
 202 
2.5 Integration with scanning ion-conductance microscopy (SICM) 203 
 SICM is a nanopipette-based technique that enables imaging of the topography 204 
of a target sample [46-48]. In a typical SICM setup, a single-barrel nanopipette is filled 205 
with an electrolyte solution (PBS, etc.) and a reference electrode (Ag/AgCl) is inserted 206 
into the nanopipette. Another reference electrode is placed in bulk solution and a 207 
potential bias is applied between the two reference electrodes to generate an ionic 208 
current through the tip of the nanopipette. In SICM, the magnitude of the ion current at 209 
the tip is used as a feedback signal to control the nanopipette-sample distance. When 210 
the nanopipette approaches the sample, the ion current decreases because the 211 
resistance between the nanopipette and sample increases. Because SICM does not 212 
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involve physical contact with the target cells, the nanopipette approach can be used to 213 
analyze a sample under physiological condition [47, 49-53] and in a non-invasive 214 
manner [50, 54-57]. 215 
 In 2014, Pourmand and colleagues integrated SICM with an electrochemical 216 
attosyringe [58], which enabled the extraction of RNA and organelles from a single 217 
living cell [59]. A nanopipette filled with an organic electrolyte solution [10 mM 218 
tetrahexylammonium tetrakis-(4-chlorophenyl)borate (THATPBCl) in 219 
1,2-dichloroethane (DCE)] was used as a SICM probe in the system. When the 220 
nanopipette is immersed in an aqueous solution, an oil-water interface is formed at the 221 
tip of the nanopipette. The oil-water interface can be controlled by a potential applied to 222 
the reference electrode in the nanopipette (Ag/AgTPBCl). When a positive potential is 223 
applied, the outer aqueous solution cannot enter the nanopipette (Fig. 5A, a-i). When a 224 
negative potential is applied, the interface moves up, and the aqueous solution can be 225 
collected into the pipette (Fig. 5A, a-ii). When the potential moves back to negative, the 226 
collected solution is released from the pipette (Fig. 5A, a-iii). Although the detailed 227 
mechanism of how the electrochemical attosyringe works has not been elucidated, it has 228 
been proposed that electrowetting, electrophoresis, and electroosmosis are the driving 229 
forces of the interface movement [58-60]. 230 
The Pourmand group collected the cytosol as follows (Fig. 5B) [59]. First, by 231 
monitoring the ion current at the tip, the nanopipette approached within 1 m of the 232 
target single cell. During the approach, the potential in the nanopipette was kept 233 
positive to prevent the aqueous solution from entering the pipette. Then, the 234 
nanopipette was moved down from the position of approach, piercing the cellular 235 
membrane, and the tip entered the cytoplasm. After the penetration, the potential 236 
inside the nanopipette was changed to negative so that the oil-water interface moved up 237 
and the cytoplasm could be collected. The authors demonstrated that the collected 238 
mRNA and organelles (mitochondria) could be used for qPCR, and DNA [59] and RNA 239 
[61] sequencing. The analysis revealed the heterogeneities of mRNA and organelles in 240 
the targeted single cells.  241 
In another study, Shiku and colleagues reported lamination of three aqueous 242 
phases that contained nucleic acid labeled using different tags [60]. Each aqueous phase 243 
was separated by an organic phase. The authors named this system the “mille-feuille” 244 
probe, and showed that it could be used for sequential collection of different samples. 245 
Two years later, Shiku and colleagues combined the nanopipette with a 246 
high-resolution mapping function (Fig. 5C) [62]. To stably control the oil-water interface 247 
in the nanopipette, the concentration of the electrolyte in organic solution should be 248 
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below 10 mM [58]; however, such low concentration of electrolyte cannot generate 249 
sufficient ion current to regulate the pipette position for high-resolution topography. 250 
The authors employed a double-barrel SICM, filling each barrel with either an aqueous 251 
or organic electrolyte solution. The aqueous solution barrel was used for topographical 252 
mapping and the organic solution barrel was used as the electrochemical syringe. The 253 
authors confirmed that the electrochemical syringe was operational in the double-barrel 254 
nanopipette and that the aqueous barrel allowed acquisition of high-resolution 255 
topography images (Fig. 5C). Utilizing the system, they successfully collected the 256 
cytoplasm at two different loci within a single cell. They then used qPCR to compare 257 
gene expression in the samples. The analysis revealed that the expression of the Actb 258 
gene was different depending on location within the target single cell. The collection 259 
methods using SICM and AFM are highly promising because these methods allow 260 
spatiotemporal analysis of the target cytoplasm.  261 
 262 
3 Electrochemical intracellular sensing in situ 263 
In this section, we provide an overview of intracellular electrochemical sensing 264 
in situ approaches that adapted amperometry and potentiometry. We discussed the 265 
following: (1) a double-mediator system for monitoring intracellular enzymes; (2) 266 
monitoring vesicles containing redox compounds and secreted chemicals; (3) gene 267 
analysis within cells; (4) detection of intracellular glucose; (5) detection of intracellular 268 
electrochemiluminescence (ECL); and (6) electrochemical impedance spectroscopy (EIS). 269 
 270 
3.1 Intracellular redox sensing using a double-mediator system 271 
Several types of redox mediators are used to detect redox enzymes within cells 272 
in a number of approaches [63] because these mediators can shuttle electrons between 273 
the electrode and the enzymes. One such approach is a double-mediator system 274 
involving menadione. Menadione is widely used because it is a hydrophobic redox 275 
mediator the can pass through the cell membrane.  276 
In one system, menadione shuttles the electrons from intracellular enzymes to 277 
extracellular ferrocyanide, a compound whose permeability of the cell membrane is low. 278 
This particular system was used to detect NAD(P)H-oxidizing enzymes (NOEs) of 279 
Saccharomyces cerevisiae strain Y190 (Fig. 6) [64]. In addition to single yeast cells, the 280 
system was used to monitor the activity of intracellular quinone oxidoreductase of 281 
single cancer cell line (HeLa) cells [65].  282 
Another double-mediator system, based on menadione and osmium redox 283 
polymer (PVI-Os), was also reported [66]. Conversely, instead of menadione, 284 
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2,6-dichlorophenolindophenol (DCPIP) can also be used [67]. In the latter study, the 285 
dual-mediator system was employed to assess the relationship between the redox 286 
activities and the fermentation efficiency of yeast. As yet another possible application, a 287 
whole cell-based biosensor with double mediators was used to monitor the acute 288 
biotoxicity of wastewater in another study [68]. This clearly demonstrates the utility of 289 
the double-mediator system for the detection of intracellular redox enzymes. 290 
 291 
3.2 Electrochemical detection of secreted vesicles, chemicals, and proteins  292 
For a conventional electrochemical detection, micro/nanoelectrode is placed 293 
outside cells to monitor oxidation currents of secreted vesicles containing dopamine 294 
from neuron and neuron-like cells [69]. By contrast, flame-etched carbon-fiber nanotip 295 
electrodes have been adapted to monitor these vesicles within cells, enabling the 296 
detection of the intracellular catecholamine content of individual nanoscale vesicles in 297 
PC12 cells (Fig. 7) [70]. The nanotip electrode can be inserted in the cells without 298 
substantial damage of the membrane. 299 
Further, electrode arrays are used for imaging and mapping of dopamine 300 
released from cells [71, 72]. Recently, a new electrochemical imaging approach based on 301 
electrode arrays, designated “electrochemicolor imaging” [72, 73], was developed for 302 
simultaneous detection of multiple analytes, such as dopamine and dissolved oxygen. 303 
By using the imaging system, dopamine release and respiratory activity of neuron-like 304 
cells were successfully imaged in real time (Fig. 8). This electrochemical imaging system 305 
is likely to reveal the relationship between these cellular activities in the future. 306 
Electrochemical detection is also useful for the analysis of vesicles outwith and 307 
within cells. In the future, other vesicles, including exosomes, could be monitored as 308 
they attract a lot of attention [74]. Already, some biosensors for exosomes based on 309 
aptamers [75] and for exosomal microRNAs [76] have been reported. 310 
 As mentioned above, SICM can be used to analyze cell topology. E.g., the levels 311 
of von Willebrand factor, a secretory protein, were determined in living cells by using 312 
this technique [77]. SICM is an attractive tool for cell topography analysis [50, 55, 78, 313 
79] because of its low invasiveness and no requirement of labeling. SICM can also be 314 
combined with other electrochemical techniques, such as SECM, for chemical mapping 315 
[54, 80, 81]. Therefore, it is very likely that this technique will be widely utilized for 316 
intracellular analyses in near future.  317 
 Finally, cell activity can be electrochemically detected by using marker proteins, 318 
such as endogenous alkaline phosphatase (ALP). For example, cell differentiation of 319 
embryonic stem cells [72, 82-85] and early-stage bone differentiation [73] have been 320 
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electrochemically detected. Several types of integrated electrochemical devices have 321 
been developed for bioanalysis including cell analysis and they are discussed in detail 322 
elsewhere [4, 5]. The electrochemical approach can be utilized for organ transplantation 323 
and quality assurance of stem cells. 324 
 325 
3.3 Electrochemical gene analysis 326 
Another application of electrochemical intracellular sensing in situ are 327 
electrochemical reporter gene assays for the detection of gene expression within cells 328 
[86-90]. In the assays, the activity of a reporter protein, such as secreted alkaline 329 
phosphatase (SEAP) or -galactosidase (-gal), is monitored electrochemically. For 330 
example, an electrode can be used to detect -gal inside cells as a reporter, with its gene 331 
expressed from a promoter of choice, or a combination of genetic elements, in response 332 
to various molecular cues [90]. As shown in Fig. 9, the enzymatic substrate 333 
4-aminophenyl -D-galactopyranoside (PAPG) is cleaved by -gal into p-aminophenol 334 
(PAP), which is then oxidized at an electrode outside the cell. PAP oxidation current 335 
indicates gene expression and the activity of cell signaling pathways. Further, 336 
electrochemical reporter gene assays with microfluidics can be utilized for whole-cell 337 
electrochemical sensing to analyze hormone-active chemicals [86]. 338 
To electrochemically detect target DNA and RNA molecules, electrodes with 339 
attached DNA probes are widely used [91]. After hybridization of the targets and probes, 340 
electrochemical signal is detected using an electrochemical indicator (labeled enzymes 341 
or redox compounds). For example, in one study, mRNA was detected in living cells 342 
using an electrode with attached DNA [92]. In that study, a probe interacted with 343 
mRNA inside a living cell, and the electrode was used to monitor the changes of electron 344 
transfer efficiency between ferrocene (Fc) modified by the attached DNA and the 345 
electrode surface (Fig. 10). 346 
To conclude, gene expression can indeed be determined using electrochemical 347 
approaches. For high-throughput analysis, electrode arrays and capillary arrays may be 348 
used, so that local gene expression within cells may be studied. 349 
 350 
3.4 Detection of glucose within cells 351 
Since glucose is a key compound for cell activity, its detection is of interest. As 352 
an example of an approach for intracellular glucose sensing, nanopipette was 353 
functionalized as a glucose nanosensor by covalently immobilizing glucose oxidase 354 
(GOx) on the tip. The interaction of glucose with GOx resulted in a catalytic oxidation of 355 
glucose to gluconic acid, which was observed as a change in impedance associated with a 356 
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drop in medium pH at the nanopipette tip (Fig. 11A) [93]. 357 
Detection of intracellular glucose using a functionalized ZnO-nanorod–based 358 
selective electrochemical sensor was also reported [94]. For the detection, potential 359 
difference between the electrode and Ag/AgCl was monitored. 360 
As another example, a nanometer-sized capillary with a ring electrode was 361 
used to detect intracellular glucose (Fig. 11B) [95]. There, a GOx solution filled the tip 362 
capillary, and the capillary was inserted into cells. It was then pumped into the cells, 363 
and the reaction by-product was detected using the ring electrode [95]. 364 
 365 
3.5 ECL-based detection of molecules within cells 366 
In addition to potentiometric and amperometric sensors discussed above, ECL 367 
is also widely used for intracellular sensing. For example, in one study, intracellular 368 
H2O2 was visualized using a comprehensive Au-luminol microelectrode and ECL (Fig. 369 
12A) [96]. For the detection, a capillary was filled with a mixture of chitosan and 370 
luminol; then, a thin layer of gold was sputtered onto the capillary. Finally, 371 
luminescence was generated at the tip in the presence of H2O2. 372 
ECL technology was also used to detect intracellular telomerase activity in 373 
HL-60 cancer cells [97]. After polyluminol–Pt NPs was electrodeposited on an electrode, 374 
an aptamer modified to recognize the HL-60 cancer cells was used, and ECL signals 375 
induced (Fig. 12B). Luminol ECL was also applied in the analysis of intracellular 376 
molecules, such as glucose, in single cells [98]. In that case, the cells were 377 
simultaneously treated with luminol, Triton X-100, and GOx. Disruption of the cellular 378 
membrane released intracellular glucose into microwells, resulting in ECL. 379 
 In another study, active membrane cholesterol in a single living cell was 380 
imaged via detection of H2O2 generated by a reaction between cholesterol and 381 
cholesterol oxidase [99]. Cholesterol in the plasma membrane of single cells can also be 382 
detected by using a microcapillary electrode filled with a mixture of cholesterol oxidase 383 
and Triton X-100 [100].  384 
Membrane cholesterol and intracellular cholesterol can be analyzed on a 385 
single-cell level in a two-step setup [101]. The cells are first placed on a microarray 386 
modified by an inclusion of g-C3N4 nanosheet. They are then exposed to cholesterol 387 
oxidase to generate H2O2, resulting in chemiluminescence of membrane cholesterol. The 388 
cells are treated with Triton X-100, cholesterol esterase, and cholesterol oxidase to 389 
generate H2O2. This enables the detection of luminescence associated with intracellular 390 
cholesterol [101]. 391 
When a cell is analyzed by ECL, steric hindrance and cell insulation become 392 
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problematic. As a solution to this problem, direct ECL imaging of a single cell using 393 
chitosan and fluoride-doped tin oxide conductive glass modified with nano-TiO2 394 
(FTO/TiO2/CS) was developed [102]. A cell immobilized on chitosan and FTO/TiO2/CS 395 
was first stimulated by N-formylmethionyl-leucyl-phenylalanine; H2O2 was 396 
consequently released by individual cells, resulting in ECL of luminol (Fig. 12C).  397 
 Since ECL is a highly sensitive detection technique that combines the 398 
advantages of both, electrochemical and chemiluminescence methods, it will likely be 399 
used for intracellular analyses in the future. 400 
 401 
3.6 Intracellular EIS analysis 402 
EIS is a sensitive technique based on monitoring the electrical response of a 403 
studied system after application of a periodic small-amplitude AC signal over a large 404 
range of frequencies. Analysis of the response of the system provides information 405 
concerning the electric properties of the dynamics of bound or mobile charges in the 406 
bulk or interfacial regions of any type of material (solid or liquid), at the sensor-sample 407 
interface, and the reactions occurring thereat [103, 104]. In recent years, EIS has shown 408 
widespread applicability in biotechnology, tissue engineering, cell characterization, 409 
disease diagnosis, and cell culture monitoring.  410 
Until now, the use of impedance in biomaterial applications has been limited by 411 
a number of factors, such as the inability to accurately measure the extremely low 412 
currents involved, poor scalability, lack of specificity, and the need for safe working 413 
when performing experiments with living tissue. However, its capabilities for probing 414 
interfacial properties of biomolecular films at the electrode surface are superior to 415 
virtually all other electrochemical techniques [105]. Some examples of studies involving 416 
cell culture monitoring, and real-time monitoring of changes in endothelial monolayers 417 
and cell spreading may be found [106, 107], but the detail of intracellular information 418 
that can be obtained from cells remains quite limited. EIS can be developed to address 419 
these limitations. For instance, using nanoscale intracellular electrodes with integrated 420 
complementary metal-oxide-semiconductor (CMOS) circuits, Abbot et al. were able to 421 
measure the intracellular membrane potentials from hundreds of connected in vitro 422 
neonatal rat ventricular cardiomyocytes [108]. As another example, Li et al. pioneered 423 
the use of ultrasensitive EIS for the quantification of both external (tetraspanin) and 424 
internal (syntenin) exosome-specific markers [109]. 425 
 426 
4 Perspectives and conclusions 427 
In this review, we summarized recent studies on the intracellular 428 
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electrochemical sensing. We discussed mainly two topics, electrical extraction of 429 
subcellular cytosol from cells and intracellular sensing in situ. Since small amounts of 430 
cell components can be extracted using electrochemical devices, and these components 431 
can then be analyzed using several types of methods, including PCR, the described 432 
devices are more useful for intracellular sensing than intracellular sensing in situ. By 433 
contrast, electrochemical sensing in situ has been widely used because it allows 434 
real-time monitoring of target analytes.  435 
Thanks to the rapid progress of micro/nanotechnology, cells can be 436 
electrochemically analyzed without cell damage. Although probe-based devices are 437 
widely used for intracellular electrochemical sensing, electrode arrays and microfluidic 438 
devices may be used for high-throughput analysis and rapid electrochemical imaging in 439 
real time. Since 3D cell cultures are attracting great attention, intracellular sensing in 440 
such 3D-cultured cells and tissues will likely be widely monitored using electrochemical 441 
approaches in the future. Reviews of electrochemical imaging of 3D cell cultures and 442 
tissues have been recently published [5, 7]. Promisingly, electrochemical approaches can 443 
be combined with organ-on-a-chip systems, which mimic organs in microfluidics [110]. 444 
Since the vascular system is important for organs, vascular constructions have been 445 
already incorporated into organs-on-a-chip [111]. Consequently, the function of the 446 
vascular system can be electrochemically evaluated in such organs-on-a-chip, e.g., as 447 
shown by monitoring of nitric oxide (NO) release by endothelial cells [112, 113]. Further, 448 
since some intracellular phenomena derive from electrochemical reactions, 449 
electrochemistry might be able to comprehensively describe the intracellular 450 
environment in the future [114]. 451 
Although this review focused on intracellular sensing using electrodes, 452 
electrochemical reactions can also be applied to biofabrication. For example, an 453 
electrochemical device can be utilized to electrodeposit hydrogels. Cells have been 454 
successfully cultured in such hydrogels [115-117]. By combining biofabrication with 455 
electrode arrays into a sensing system, a novel cell culture platform with sensors may 456 
be constructed. In addition, the platform can be applied to electrochemical 457 
organs-on-a-chip. 458 
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Figure 1 676 
Overview of electrical techniques for the collection of subcellular cytoplasm utilizing 677 
dielectrophoresis, electroosmosis, electrophoresis, electrowetting, and electrical pulse.  678 
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 690 
Figure 2 691 
Selective electrical lysis of the cellular membrane, and analysis of the nucleus and 692 
cytoplasmic RNA using ITP. (A) Schematic of selective lysis of the cellular membrane. 693 
The electrical pulse is applied between the north (N) and west (W) reservoirs. (B) 694 
Representative micrographs of cellular membrane lysis. Only cell 1 is lysed. Cell 2 is 695 
intact because it did not enter the channel for cell lysis. (C) Typical images of the cell 696 
nucleus and extracted cytoplasmic RNAs fluorescently labeled with SYBR Green II. The 697 
color scales of the cell nucleus and cytoplasmic RNAs are different, for clarity. Adapted 698 
with permission from reference [26]. Copyright 2014 American Chemical Society.  699 
24 
 
 700 
 701 
 702 
 703 
 704 
 705 
 706 
 707 
 708 
 709 
 710 
 711 
 712 
 713 
Figure 3 714 
Nanostraw extraction (NEX). (A) Schematic of the NEX setup. Target cells are cultured 715 
on a polymer membrane with nanostraws. A Pt electrode is inserted into the cell culture 716 
reservoir and an ITO electrode is placed at the bottom of the extraction area. These 717 
electrodes are used for nanoelectroporation, generating openings in the cellular 718 
membrane at the nanostraw tips. (B) Enlarged schematic view of the membrane. 719 
Intracellular contents diffuse into the extraction buffer through the nanostraws. (C) 720 
Tilted scanning electronic microscopy (SEM) image of nanostraws with diameter of 150 721 
nm. Adapted from reference [30].  722 
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 738 
Figure 4 739 
Dielectrophoretic nanotweezer (DENT). (A) SEM image of DENT. The lower image is an 740 
enlarged view of the white broken rectangle area in the upper image. Three layers (Si 741 
core, SiO2, and Cr/Au) can be distinguished. (B) Simulation of the gradient in the 742 
electric field square when 1.5 V AC field is applied between the Si core and Cr/Au 743 
electrode in the cytoplasm. (C) Schematic of the process of mRNA collection using DENT. 744 
After the insertion of DENT into the cytoplasm, DRP force is generated at the DENT tip. 745 
The DEP force attracts mRNA from the cytoplasm. After the collection, DENT probe is 746 
withdrawn and the collected mRNA is analyzed by qPCR or RNA-seq. Adapted with 747 
permission from reference [40]. Copyright 2017 Royal Society of Chemistry.  748 
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Figure 5 766 
Integration of an electrochemical attosyringe with SICM. (A) Regulation of an oil-water 767 
interface by a potential applied to the electrode in the nanopipette (E). Images when 768 
when E is (a-i) +600 mV, (a-ii) –100 mV, and (a-iii) +600 mV. Adapted with permission 769 
from reference [58]. Copyright 2007 National Academy of Sciences. (B) Nanobiopsy 770 
sequence. Following the approach of the nanopipette based on the ion current at the tip, 771 
the pipette moves down and penetrates the cellular membrane. After the collection of 772 
the cytoplasm using the electrochemical attosyringe, the nanopipette moves up, and the 773 
cellular contents are analyzed by qPCR or next-generation sequencing. Adapted with 774 
permission from reference [59]. Copyright 2014 American Chemical Society. (C) 775 
High-resolution imaging using a nanobiopsy probe. (Left) Schematic of the collection 776 
process. A nanoscale image of the target single cell is first acquired using aqueous barrel. 777 
Then, the nanopipette moves to the collection position using the information from the 778 
nanoscale image (nanoscale map, center). (Right) qPCR data for gene expression in the 779 
cytoplasm near the nucleus and at the periphery of the same single cell. Actb expression 780 
levels are different depending on the cellular location, while the expression of Gapdh is 781 
nearly unchanged. Adapted with permission from reference [62]. Copyright 2016 782 
American Chemical Society.  783 
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Figure 6 794 
Double-mediator system for the detection of intracellular enzymes [64]. A system using 795 
menadione and [Fe(CN)6]3- for NOE detection is shown. Reproduced with permission 796 
from WILEY-VCH Verlag GmbH & Co. ©2011.  797 
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Figure 7 805 
Detection of intracellular vesicles containing dopamine (DA) [70]. DA is oxidized to 806 
dopamine orthoquinone (DOQ) at the nanotip electrode. Reproduced with permission 807 
from Wiley-VCH Verlag GmbH &Co. ©2015.  808 
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Figure 8 821 
Electrochemicolor imaging of the respiratory activity and dopamine release from 822 
aggregates of neuron-like cells [72]. (A) Detection schemes. (B) Optical and 823 
electrochemical images of the aggregates. Electrochemical images at –0.5 and +0.6 V 824 
show respiratory activity and dopamine release, respectively. Reproduced with 825 
permission from the American Chemical Society ©2017.  826 
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Figure 9 834 
Electrochemical reporter gene assay. In this example, -galactosidase (-gal) is used as 835 
a reporter, and the expression of its gene is induced by various molecular cues [90]. 836 
PAPG, the enzymatic substrate, is converted by -gal to PAP. PAP levels are then 837 
quantified using an electrode set outside the cells. Reproduced with permission from the 838 
American Chemical Society ©2015.  839 
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Figure 10 857 
Fc-DNA–based electrochemical sensor for mRNA in living cells [92]. The redox signal at 858 
the sensor is altered in the presence of survivin mRNA. Reproduced with permission 859 
from the Royal Society of Chemistry ©2012.  860 
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Figure 11 874 
Intracellular glucose sensing. (A) Potentiometric sensing using a nanopipette [93]. GOx 875 
is immobilized on the surface inside the nanopipette. Glucose is oxidized to gluconic acid 876 
by GOx, resulting in a change of impedance. (B) Nanometer-sized capillary with a ring 877 
electrode for glucose detection within cells [85]. A kit is introduced into the cells through 878 
the capillary, and glucose is detected based on H2O2 production. Reproduced with 879 
permission from the American Chemical Society ©2016, and the National Academy of 880 
Sciences ©2016, respectively.  881 
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Figure 12 899 
ECL for intracellular sensing. (A) Detection of intracellular H2O2 [96]. (B) Detection of 900 
intracellular telomerase [97]. (C) ECL imaging of cells using chitosan and 901 
fluoride-doped tin oxide conductive glass modified using nano-TiO2 [102]. Reproduced 902 
with permission from the American Chemical Society ©2016 (A) and 2018 (B), and the 903 
Royal Society of Chemistry ©2017 (C). 904 
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